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Propylene oxide accounts for a very large proportion in the petrochemical 
industry and more than 10% of the total propylene production is used for the 
production of propylene oxide. Propylene oxide is used as a raw material for the 
production of Polyether Polyol and Propylene Glycol, which are raw materials of 
polyurethane. With the growth of polyurethane industry, the demand of propylene 
oxide is also steadily increasing. Commercially, propylene oxide is produced though 
indirect processes such as chlorohydrin process and Halcon process. However, these 
processes have many drawbacks from environmental and economical viewpoints. 
Chlorohydrin process has shortcomings in a sense that it produces large amount of 
chlorinated by-products and waste salts. Halcon process also has a problem, because 
it requires additional treatment steps to separate propylene oxide and co-products 
(styrene and t-butylalcohol). On the other hand, HPPO (hydrogen peroxide-
propylene oxide) process, which produces propylene oxide using hydrogen peroxide, 
has been developed to replace the commercial processes. Because of high cost of 
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hydrogen peroxide, however, this process has been restricted in industry. Therefore, 
direct preparation of propylene oxide from propylene and oxygen has attracted 
much attention as a cheap and green chemical process. It has been reported that 
undesired complete oxidation (C3H6 + 9/2O2 → 3CO2 + 3H2O, ΔG = −1957.43 
kJ/mol) occurs together with selective partial oxidation of propylene to propylene 
oxide (C3H6 + 1/2O2 → 3C3H6O, ΔG = −88.49 kJ/mol) in the direct preparation of 
propylene oxide from propylene and oxygen. For this reason, selectivity for 
propylene oxide in the direct epoxidation of propylene is thermodynamically 
limited. It is well known that silver catalyst supported on α-alumina has been used 
in the direct epoxidation of ethylene to ethylene oxide. In the direct epoxidation of 
propylene to propylene oxide, however, the catalyst showed a very low activity to 
propylene oxide. This is explained by the fact that allylic C-H bond energy (77 
kcal/mol) of propylene is lower than vinylic C-H bond energy (112 kcal/mol) of 
ethylene. For this reason, hydrogen abstraction of propylene, which is the reaction 
of allylic hydrogen and adsorbed oxygen to form H2O and CO2, is more favorable 
than that of ethylene. As a result, selectivity for propylene oxide over the same 
catalyst is very low compared to selectivity for ethylene oxide. Therefore, many 
researches have focused on the development of an appropriate catalyst for the direct 
epoxidation of propylene to propylene oxide. 
There are two reaction pathways in the oxidation reaction of propylene. 
Propylene oxide is formed by partial oxidation of C=C π bond in propylene with 
oxygen adsorbed on the silver active site. On the other hand, H2O and CO2 are 
formed by complete oxidation of allylic hydrogen (C-H) in propylene with oxygen 
adsorbed on the silver active site. These imply that electronic property of adsorbed 
oxygen species should be changed more electrophilic in order to improve the 
selectivity for propylene oxide. In this work, in order to change the electronic 
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property of adsorbed oxygen, promotors of molybdenum oxide and tungsten oxide 
were introduced into the silver catalyst. 
A series of Ag-(x)Mo-(5-x)W/ZrO2 (x = 5, 3.75, 2.50, 1.25, and 0) catalysts 
with different molybdenum content (x, wt%) were prepared by a slurry method. The 
effect of molybdenum content of Ag-(x)Mo-(5-x)W/ZrO2 catalysts on the catalytic 
performance in the direct epoxidation of propylene to propylene oxide was 
investigated. It was found that binding energy shift of Ag 3d5/2 of the Ag-(x)Mo-(5-
x)W/ZrO2 catalysts was different depending on molybdenum content. In the direct 
epoxidation of propylene to propylene oxide, selectivity for propylene oxide 
showed a volcano-shaped trend with respect to molybdenum content. Experimental 
results revealed that selectivity for propylene oxide increased with increasing 
binding energy shift of Ag 3d5/2 of the Ag-(x)Mo-(5-x)W/ZrO2 catalysts. Thus, 
electronic state of silver of Ag-(x)Mo-(5-x)W/ZrO2 catalysts modified by 
molybdenum and tungsten promotors played a crucial role in determining the 
catalytic performance in the direct epoxidation of propylene to propylene oxide. 
In an attempt to develop an efficient catalyst, direct epoxidation of propylene 
has been investigated over a number of catalysts based on silver metal supported on 
various materials such as alkali-earth metal oxide, α-Al2O3, and SiO2. It has been 
reported that production of propylene oxide through propylene epoxidation is 
influenced by physicochemical properties of supporting materials such as crystalline 
phase or acid/base properties. ZrO2 is known to exhibit the characteristic 
physicochemical properties as a supporting material. It has been also reported that 
the physicochemical properties of ZrO2 can be controlled by changing ZrO2 
preparation method. In this work, in order to elucidate the effect of physicochemical 
properties of ZrO2 support on the production of propylene oxide, Ag-(Mo-W)/ZrO2 




A series of ZrO2 (pH X) (X = 3, 6, 10, 12, and 14) supports were prepared by 
a precipitation method with a variation of pH value (pH X) of ZrO2 solution. Ag-
(Mo-W)/ZrO2 (pH X) (X = 3, 6, 10, 12, and 14) catalysts were then prepared by a 
slurry method for use in the direct epoxidation of propylene to propylene oxide with 
molecular oxygen. The effect of pH value of ZrO2 solution on the catalytic 
performance and physicochemical property of the catalysts was investigated. 
Experimental results revealed that physicochemical properties of Ag-(Mo-W)/ZrO2 
(pH X) catalysts were strongly influenced by pH value of ZrO2 solution. It was 
found that the fraction of monoclinic phase showed a volcano-shaped trend with 
respect to pH value of ZrO2 solution. It was also revealed that the ratio of 
acidity/basicity showed a volcano-shaped trend with respect to pH value of ZrO2 
solution. In the direct epoxidation of propylene to propylene oxide, selectivity for 
propylene oxide was well correlated with the fraction of monoclinic phase and the 
ratio of acidity/basicity of the catalysts. Selectivity for propylene oxide increased 
with increasing the ratio of monoclinic phase and the ratio of acidity/basicity of the 
catalysts. Therefore, ZrO2 crystalline phase and acid/base property of the catalysts 
played key roles in determining the catalytic performance of Ag-(Mo-W)/ZrO2 (pH 
X) catalysts in the direct epoxidation of propylene to propylene oxide.  
Direct epoxidation of propylene has been mainly studied over Ag-based 
catalyst system. However, it is known that commercial Ag-based catalysts suffer 
from deactivation in the oxidation reaction, because silver particles are sintered 
during the oxidation reaction. Ag-based catalysts also have a disadvantage in the 
direct epoxidation in a sense that high silver loading is required for high catalytic 
activity, and thus, high silver content in the catalyst may cause a silver sintering 
during the long-term operation. For these reasons, many researches have been 
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focused on the metal oxide catalyst system in the direct epoxidation of propylene to 
propylene oxide. In this work, in order to replace the Ag-based catalyst in the direct 
epoxidation of propylene, tungsten oxide catalysts supported on various supports 
(ZrO2, CeZrO2, and CeO2) were prepared.  
Ce0.05Zr0.95O2 support (denoted as CZ) was prepared by a precipitation method 
for use a support for tungsten oxide catalyst. For comparison, ZrO2 (denoted as Z) 
and CeO2 (denoted as C) supports were also prepared by a precipitation method, 
respectively. Tungsten oxide catalysts on ZrO2, Ce0.05Zr0.95O2, and CeO2 supports 
were then prepared by a wetness impregnation method for use in the direct 
epoxidation of propylene to propylene oxide. Experimental results revealed that 
WOx/Z catalyst exhibited the highest selectivity for propylene oxide. However, very 
low propylene conversion was observed over WOx/Z catalyst, leading to low yield 
for propylene oxide. On the other hand, WOx/C catalyst exhibited higher conversion 
of propylene than WOx/Z, but WOx/C showed low selectivity for propylene oxide. 
Among the catalysts, WOx/CZ catalyst with moderate reduction ability and ratio of 
acidity/basicity exhibited the suitable conversion of propylene and selectivity for 
propylene oxide. Thus, reduction ability and ratio of acidity/basicity played a key 
role in determining the catalytic performance in the direct epoxidation of propylene 
to propylene oxide over ceria and zirconia-supported tungsten oxide catalyst. 
 
Keywords: Direct epoxidation, Propylene oxide, Silver catalyst, Tungsten oxide 
catalyst 
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Chapter 1. Introduction 
 
1.1. Propylene oxide (PO) 
 
Propylene oxide (PO) with a molecular formula of C3H6O is a colorless 
and highly reactive material. Propylene oxide is widely used in the production 
of various materials such as polyurethane, polyester resin, and propylene 
glycol. Commercially, propylene oxide has been produced by the 
chlorohydrin process and the Halcon process (Fig. 1-1) [1-4]. However, all 
these processes have many drawbacks from environmental and economical 
viewpoints. The chlorohydrin process has shortcomings in a sense that it 
produces large amount of chlorinated by-product and waste salts. The Halcon 
process also has problem, which accompanies a stoichiometric amount of co-
product (styrene and t-butylalcohol), and requires additional treatment steps to 
separate the propylene oxide and the co-product. Meanwhile, HPPO process, 
which produces propylene oxide using hydrogen peroxide (H2O2), has been 
developed to replace the commercial processes [5,6]. Because of the relatively 
high cost of hydrogen peroxide, however, this process has been restricted in 
industry. Therefore, the direct synthesis of propylene oxide from propylene 























Fig. 1-1. Scheme for propylene oxide commercial production process. 
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1.2. Two reaction pathways for oxidation of propylene 
 
There are two reaction pathways for the oxidation of propylene; 
complete oxidation and partial oxidation. Fig. 1-2 shows the two reaction 
pathways for oxidation of propylene. It has been reported that undesired 
complete oxidation (C3H6 + 9/2O2 → 3CO2 + 3H2O, ΔG = −1957.43 kJ/mol) 
occur together with selective partial oxidation of propylene to propylene oxide 
(C3H6 + 1/2O2 →  3C3H6O, ΔG = −88.49 kJ/mol) in the oxidation of 
propylene [7]. As shown in Fig. 1-2, propylene oxide is formed by the partial 
oxidation of propylene C=C π bond with molecular oxygen. On the other hand, 
H2O and CO2 are formed by the complete oxidation of allylic hydrogen C-H 
in propylene with molecular oxygen. For this reason, selectivity for propylene 
oxide in the direct epoxidation of propylene is thermodynamically limited. 
Therefore, many attempts have been made to improve the selectivity for 




Fig. 1-2. Two reaction pathways for oxidation of propylene.
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1.3. Difference between ethylene and propylene in the 
oxidation reaction 
 
Fig. 1-3 shows the difference between ethylene and propylene in the 
oxidation reaction. It is well known that silver catalyst supported on α-
alumina has found successful applications in the direct epoxidation of 
ethylene to ethylene oxide [8-10]. In the direct epoxidation of propylene to 
propylene oxide, however, silver catalyst supported on α-alumina showed a 
very low activity to propylene oxide. This is because the allylic C-H bond 
energy (77 kcal/mol) of propylene is lower than the vinylic C-H bond energy 
(112 kcal/mol) of ethylene [11]. For this reason, hydrogen abstraction of 
propylene, which is reaction of the allylic hydrogen and adsorbed oxygen to 
form H2O and CO2, is more favorable than that of ethylene. As a result, 
selectivity of propylene oxide over same catalyst applicated ethylene 
epoxidation is very low [9]. Therefore, many researches have been focused on 































1.4. DAM (dipped adcluster model) theory 
 
Fig. 1-4. shows the DAM theory mechanism. According to the DAM 
(dipped adcluster model) theory [12], electron in silver atom moves to 
adsorbed oxygen when oxygen is adsorbed on the silver active site. This 
indicates that adsorbed oxygen has a negative charge property, leading to 
reaction between adsorbed oxygen and allylic hydrogen. As a result, complete 
oxidation of propylene to H2O and CO2 occurs. When promotors such as 
alkali (earth) and transition metals are introduced to silver catalyst, however, 
negative charge property of oxygen adsorbed on silver site is reduced, 
resulting in inhibiting complete oxidation of propylene. It is well known that 
promotors such as alkali (earth) and transition metals decrease the negative 
charge property of oxygen adsorbed on the silver site, because promotors, 
which draw electrons from silver atom, reduce the flow of electrons from 
silver atom to adsorbed oxygen [13]. As a result, adsorbed oxygen has a 
relatively strong electrophilic property, resulting in a decrease of complete 
oxidation and resulting in an increase of reaction possibility between adsorbed 
oxygen and olefinic carbon. Therefore, electronic property of adsorbed 
oxygen played a key role in determining the catalytic performance of catalyst 





Fig. 1-4. DAM (dipped adcluster model) theory mechanism. 
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Chapter 2. Direct epoxidation of propylene to 





Propylene oxide (PO) is an important intermediate because it is used as 
a precursor for various chemicals such as polyester resin, propylene glycol, 
and polyurethane. Propylene oxide is commercially produced by Halcon 
process, chlorohydrin process, and HPPO (hydrogen peroxide-propylene 
oxide) process [1-6]. However, these processes involve many drawbacks in 
economical and environmental viewpoints. In order to overcome these 
problems, direct synthesis of propylene oxide from propylene and molecular 
oxygen has attracted much attention as a cheap and green chemical process. 
Silver catalyst supported on α-alumina is well known to be the most 
efficient catalyst in the direct epoxidation of ethylene to ethylene oxide [8-10]. 
However, this catalyst shows a very low catalytic activity in the direct 
epoxidation of propylene to propylene oxide. It has been reported that allylic 
C-H bond energy (77 kcal/mol) in propylene is lower than vinylic C-H bond 
energy (112 kcal/mol) in ethylene [11]. This means that total oxidation of 
adsorbed molecular oxygen and C-H bond in propylene is more preferable 
than that in ethylene. As a consequence, H2O and CO2 rather than propylene 
oxide are mainly produced in the direct epoxidation of propylene.  
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Oxidation of propylene follows two reaction pathways; total oxidation 
and partial oxidation [14,15]. Total oxidation to H2O and CO2 occurs by the 
reaction of adsorbed molecular oxygen with allylic hydrogen (C-H) in 
propylene, whereas partial oxidation to propylene oxide occurs by the reaction 
of oxygen adsorbed on the silver active site with C=C π bond in propylene. 
This means that less nucleophilic property of adsorbed molecular oxygen is 
more favorable to enhance the reaction possibility between C=C π bond in 
propylene and adsorbed oxygen on the silver active site [14-16]. Therefore, 
modification of silver catalyst and change of electronic property of adsorbed 
oxygen can be a good strategy to enhance the selectivity for propylene oxide. 
In an attempt to improve the selectivity for propylene oxide in the direct 
epoxidation of propylene, introduction of various promotors such as alkali 
(earth), chlorine, and transition metals has been investigated [13,16-18]. 
In this work, a series of Ag-(x)Mo-(5-x)W/ZrO2 catalysts were prepared 
by a slurry method with a variation of molybdenum content (x, wt%), and 
they were applied to the direct epoxidation of propylene to propylene oxide 
with molecular oxygen. The effect of molybdenum content on the 












2.2.1. Preparation of catalysts 
 
A series of Ag-(x)Mo-(5-x)W/ZrO2 catalysts were prepared by a slurry 
method. Fig. 2-1 shows the preparation procedures for Ag-(x)Mo-(5-
x)W/ZrO2 catalysts. In short, 1.63 g of oxalic acid (C2H2O4, Junsei) and 0.9 
ml of ethylene diamine (C2H8N2, Sigma-Aldrich) were dissolved in distilled 
water (6 ml). After it was stirred for a few minutes, 1 g of silver oxide (Ag2O, 
Sigma-Aldrich) was dissolved in the solution. Known amounts of ammonium 
molybdate ((NH4)6Mo7O24·4H2O, Samchon) and ammonium (para) tungstate 
hydrate ((NH4)10H2(W2O7)6·xH2O, Sigma-Aldrich) were then added into the 
solution. After stirring the solution for 1 h, 3.54 g of zirconium oxide (ZrO2, 
Sigma-Aldrich) was slowly added into the solution to form a slurry. After 
vigorous stirring the mixed slurry at 70 oC, it was evaporated to obtain a solid. 
The product was then dried at 120 oC in a convection oven for 1 day. The 
resultant was grinded and calcined at 460 oC for 3 h to obtain Ag-(x)Mo-(5-
x)W/ZrO2 catalysts. The prepared catalysts were denoted as Ag-(x)Mo-(5-
x)W/ZrO2 (x = 5, 3.75, 2.50, 1.25, and 0), where x represented wt% of 
molybdenum in the catalysts. Silver content in all the Ag-(x)Mo-(5-x)W/ZrO2 













N2 adsorption-desorption measurements were carried out to examine the 
textural properties of Ag-(x)Mo-(5-x)W/ZrO2 catalysts with a BELSORP-
mini II (BEL Japan) instrument. Metal contents in the catalysts were 
determined by ICP-AES (Shimadz, ICP-1000IV) analyses. Crystalline 
structures of the catalysts were investigated by X-ray diffraction (XRD) 
measurements (D-Max2500-PC, Rigaku). Surface morphologies of the 
catalysts were examined by high resolution-transmission electron microscopy 
(HR-TEM) analysis (Jeol, JEM-3010). SEM analyses (Jeol, JSM-6700F) were 
conducted with energy dispersed X-ray spectroscopy (EDX) mapping to 
confirm the distribution of metal species. X-ray photoelectron spectroscopy 
(XPS) analyses (Sigma probe) were carried out to measure the binding 
energies of silver (Ag 3d5/2 and Ag 3d3/2) in the catalysts. All the XPS spectra 
were calibrated using C 1s peak (284.5 eV) as a reference.
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2.2.3. Catalyst reaction tests 
 
Direct epoxidation of propylene to propylene oxide with molecular 
oxygen was tested in a continuous flow fixed-bed quartz reactor at 460 °C 
under atmosphere pressure. Each catalyst (0.3 g) was thermally treated at 
460 °C in a stream of nitrogen prior to the catalytic reaction. After treating the 
reactor with nitrogen for 30 min, propylene and oxygen were continuously 
supplied into the reactor with a nitrogen carrier. Feed composition was fixed 
at propylene:oxygen:nitrogen = 1.5:1:9. Total feed rate with respect to catalyst 
weight was maintained at 3000 ml/h · gcat. Reaction products were 
periodically sampled and analyzed with gas chromatographs (Younglin, 
ACME 6100) equipped with a thermal conductivity detector (Molsieve 5A 
and Porapak N columns) and a flame ionization detector (DB-1 column). 
Conversion of propylene and selectivity for propylene oxide were calculated 
on the bascs of carbon balance as follows. 
 
Conversion of propylene (%) =  
supplied propylene of mole
reacted propylene of mole
 × 100      
 
Selectivity for propylene oxide (%) = 
reacted propylene of mole
formed oxide propylene of mole
 × 100       
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2.3. Results and discussion 
 
2.3.1. Characterization of Ag-(x)Mo-(5-x)W/ZrO2 catalysts 
 
Detailed textural properties of Ag-(x)Mo-(5-x)W/ZrO2 (x = 5, 3.75, 
2.50, 1.25, and 0) catalysts determined by N2 adsorption-desorption 
measurements are listed in Table 2-1. All the catalysts exhibited very low 
surface area (< 10 m2/g) and small pore volume (< 0.02 cm3/g), indicating that 
they existed in the form of bulk-type catalysts. These textural properties are 
advantageous for propylene epoxidation, because well-developed porosity and 
high surface area are known to cause total oxidation of propylene [19]. Actual 
silver, molybdenum, and tungsten contents in the Ag-(x)Mo-(5-x)W/ZrO2 
catalysts were similar to the designed values. 
Crystalline structures of Ag-(x)Mo-(5-x)W/ZrO2 (x = 5, 3.75, 2.50, 1.25, 
and 0) catalysts were investigated by XRD measurements as shown in Fig. 2-
2. All the catalysts showed four characteristic diffraction peaks (2θ= 38o, 44o, 
64o, and 77o) which were ascribed to the crystal faces of silver (111), (200), 
(220), and (311). All the catalysts also showed diffraction peaks of tetragonal 
ZrO2 (2θ= 34o and 49o) and monoclinic ZrO2 (2θ= 28o and 31o), in good 
agreement with the previous result [20]. Diffraction peaks of molybdenum 
oxide and tungsten oxide were also observed at 2θ= 27o and 2θ= 29o, 
respectively. This means that Ag-(x)Mo-(5-x)W/ZrO2 catalysts were 
successfully prepared as attempted in this work.   
Surface morphologies and distributions of silver, molybdenum, tungsten, 
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and zirconium species in the Ag-(3.75)Mo-(1.25)W/ZrO2 catalyst were 
confirmed by HR-TEM and SEM-EDX analyses as shown in Fig. 2-3. In the 
HR-TEM and SEM images (black and white), the catalyst existed in the form 
of bulk-type particles (100-300 nm). It is noticeable that silver atom (blue dot), 
molybdenum atom (purple dot), tungsten atom (red dot), and zirconium atom 
(yellow dot) were co-presented in the bulk particle domain of Ag-(3.75)Mo-
(1.25)W/ZrO2 catalyst. This result supports that silver, molybdenum, tungsten, 
and zirconium species were finely dispersed in the Ag-(3.75)Mo-
(1.25)W/ZrO2 catalyst. 
Fig. 2-4 shows the SEM-EDX mapping images of reused Ag-(3.75)Mo-
(1.25)W/ZrO2 catalyst. Reused Ag-(3.75)Mo-(1.25)W/ZrO2 catalyst showed 
no great difference in distribution of metal species compared to fresh Ag-
(3.75)Mo-(1.25)W/ZrO2 catalyst. In particular, no significant silver sintering 
was found after the reaction. Thus, Ag-(3.75)Mo-(1.25)W/ZrO2 catalyst 
served as a stable catalyst in the direct epoxidation of propylene. 
Electronic state of silver species in the Ag-(x)Mo-(5-x)W/ZrO2 (x = 5, 
3.75, 2.50, 1.25, and 0) catalysts was confirmed by XPS analyses as shown in 
Fig 2-5. For comparison, XPS analysis of Ag/ZrO2 catalyst was also 
conducted (not shown in Fig. 4). All the Ag-(x)Mo-(5-x)W/ZrO2 catalysts 
with molybdenum and/or tungsten promotor exhibited higher binding energies 
of Ag 3d5/2 and Ag 3d3/2 than Ag/ZrO2 catalyst (368.1 eV (Ag 3d5/2) and 374.1 
eV (Ag 3d3/2)). This result indicates that addition of promotor causes high 
binding energy of silver due to electron transfer from silver atom to promotor 
species. Binding energies of Ag 3d5/2 and Ag 3d3/2 were different with a 
variation of molybdenum content. Detailed binding energies of Ag 3d5/2 and 
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Ag 3d3/2 of the catalysts are summarized in Table 2-1. The binding energy of 
Ag 3d increased in the order of Ag-(5)W/ZrO2 < Ag-(5)Mo/ZrO2 < Ag-
(1.25)Mo-(3.75)W/ZrO2 < Ag-(2.50)Mo-(2.50)W/ZrO2 < Ag-(3.75)Mo-
(1.25)W/ZrO2. Among the catalysts, Ag-(3.75)Mo-(1.25)W/ZrO2 catalyst 
showed the highest binding energy shift of Ag 3d. When the transition metal 
materials are adjacent to each other, the valence states and the metal d-states 
are accompanied by large variations. It has been also reported that electron 
acceptor/donor property depend on the relative fraction of empty states in the 
valence band of the metal. Therefore, the d-state of each metal was changed 
by the introduction of the transition metal materials Mo and W, and it is 
considered that the electron acceptor property was influenced.  
According to the dipped adcluster model (DAM) theory [12], 
movement of electron occurs from silver atom to adsorbed oxygen when 
molecular oxygen is adsorbed on the silver surface. This movement of 
electron leads to total oxidation reaction between allylic hydrogen in 
propylene and adsorbed oxygen due to negative charge property of adsorbed 
oxygen. When promotor, which draws electron from silver atom, is added into 
silver catalyst, however, nucleophilicity of molecular oxygen adsorbed on 
silver surface is reduced, leading to suppressed total oxidation of propylene. It 
has been reported that promotors such as transition and alkali (earth) metals 
alleviate the nucleophilicity of adsorbed oxygen [16-18]. This is because 
promotors lead to reduction of electron flow from silver atom to adsorbed 
oxygen. As a result, relatively strong electrophlicity of adsorbed oxygen 
inhibits total oxidation of adsorbed molecular oxygen with allylic hydrogen in 
propylene and increases reaction possibility between olefinic carbon and 
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adsorbed oxygen. Thus, it is expected that Ag-(3.75)Mo-(1.25)W/ZrO2 
catalyst would serve as an efficient catalyst in the direct epoxidation of 
propylene to propylene oxide. 
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2.3.2. Catalytic performance in the direct epoxidation of propylene  
to propylene oxide 
 
Catalytic performance of Ag-(x)Mo-(5-x)W/ZrO2 (x = 5, 3.75, 2.50, 
1.25, and 0) catalysts in the direct epoxidation of propylene with molecular 
oxygen is shown in Fig. 2-6. It was found that all the Ag-(x)Mo-(5-x)W/ZrO2 
catalysts showed higher selectivity for propylene oxide than Ag/ZrO2 catalyst 
(48.8 % conversion and 2.3 % selectivity) and they exhibited a stable catalytic 
performance during the whole reaction time. Ag-(x)Mo-(5-x)W/ZrO2 (x = 5, 
3.75, 2.50, 1.25, and 0) catalysts showed a considerable difference in 
selectivity for propylene oxide with respect to molybdenum content. 
Selectivity for propylene oxide increased in the order of Ag-(5)W/ZrO2 < Ag-
(5)Mo/ZrO2 < Ag-(1.25)Mo-(3.75)W/ZrO2 < Ag-(2.50)Mo-(2.50)W/ZrO2 < 
Ag-(3.75)Mo-(1.25)W/ZrO2. This trend was well consistent with the trend of 
binding energy shift of Ag 3d. 
To investigate the reusability of the catalyst, reusability test for direct 
epoxidation of propylene over Ag-(3.75)Mo-(1.25)W/ZrO2 catalyst was 
performed. Fig. 2-7 shows the reusability test result for direct epoxidation of 
propylene to propylene oxide over Ag-(3.75)Mo-(1.25)W/ZrO2 catalyst. It 
was found that both fresh and reused catalysts showed similar catalytic 
performance. Thus, Ag-(3.75)Mo-(1.25)W/ZrO2 catalyst served as a reusable 
catalyst in the direct epoxidation of propylene to propylene oxide. 
Fig. 2-8 shows the correlation between binding energy shift of Ag 3d5/2 
and selectivity for propylene oxide over Ag-(x)Mo-(5-x)W/ZrO2 (x = 5, 3.75, 
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2.50, 1.25, and 0) catalysts. Binding energy shift of Ag 3d5/2 was calculated by 
the difference of binding energy of Ag 3d5/2 of the catalyst with respect to that 
of Ag-(5)W/ZrO2. It should be noted that selectivity for propylene oxide 
increased with increasing binding energy shift of Ag 3d5/2. As mentioned 
earlier, high selectivity for propylene oxide in the direct epoxidation of 
propylene can be achieved by enhancing electrophilicity (reducing 
nucleophilicity) of adsorbed oxygen on the silver active site. This means that 
electron transfer from silver atom to adsorbed molecular oxygen should be 
suppressed for favorable catalytic performance. Thus, it is concluded the 
improved selectivity for propylene oxide over Ag-(x)Mo-(5-x)W/ZrO2 
catalysts was attributed to the binding energy shift of Ag 3d caused by the 












Table 2-1. Physicochemical properties and XPS results of Ag-(x)Mo-(5-x)W/ZrO2 (x = 5, 3.75, 2.50, 1.25, and 0) catalysts 
a Determined by ICP-AES measurement 
b Calculated by the BET (Brunauer–Emmett–Teller) equation 




















Binding energy (eV) 
Ag 3d5/2 Ag 3d3/2 
Ag-(5)Mo/ZrO2 18.7 4.7 - 8.3 0.02 368.6 374.6 
Ag-(3.75)Mo-
(1.25)W/ZrO2 
19.5 3.61 1.37 6.0 0.02 369.2 375.3 
Ag-(2.50)Mo-
(2.50)W/ZrO2 
21.3 2.56 2.53 7.3 0.02 369.1 375.2 
Ag-(1.25)Mo-
(3.75)W/ZrO2 
20.4 1.23 3.42 7.0 0.02 368.9 375.0 




Fig. 2-2. XRD patterns of Ag-(x)Mo-(5-x)W/ZrO2 (x = 5, 3.75, 2.50, 1.25, 



















































Fig. 2-5. XPS spectra of Ag 3d5/2 and Ag 3d3/2 of Ag-(x)Mo-(5-x)W/ZrO2 (x = 




Fig. 2-6. Catalytic performance of Ag-(x)Mo-(5-x)W/ZrO2 (x = 5, 3.75, 2.50, 1.25, and 0) catalysts with time on stream in 
the direct epoxidation of propylene to propylene oxide at 460 oC.
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Fig. 2-7. Reusability test result for direct epoxidation of propylene to 




Fig. 2-8. A correlation between selectivity for propylene oxide and binding 
energy shift of Ag 3d5/2 of Ag-(x)Mo-(5-x)W/ZrO2 (x = 5, 3.75, 2.50, 1.25, 








Chapter 3. Direct epoxidation of propylene to 
propylene oxide over Ag-(Mo-W)/ZrO2 catalysts: 
Effect of pH in the preparation of ZrO2 support 




Propylene oxide is a valuable material in petrochemical industries 
because it can be used as a precursor for important chemicals such as 
polyether polyol, propylene glycol, polyester resin, and polyurethane. 
Propylene oxide is currently produced from indirect process (Halcon process 
and Chlorohydrin process) and HPPO (hydrogen peroxide-propylene oxide) 
process [2,3,6,21,22]. Although high selectivity for propylene oxide over 90% 
is achieved with these processes, environmental issue and high price of 
hydrogen peroxide have been posed in the production of propylene oxide. In 
this respect, direct epoxidation of propylene to propylene oxide with 
molecular oxygen has attracted much attention as an efficient process that can 
replace the conventional processes. 
For direct production of propylene oxide from propylene and oxygen, 
Ag/α-Al2O3 catalyst for producing ethylene oxide, which exhibits a similar 
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mechanism for propylene epoxidation, has been attempted [9,23,24]. However, 
Ag/α-Al2O3 catalyst shows a very low selectivity for propylene oxide due to 
the difference in dissociation energy of C-H bond in propylene and ethylene. 
According to the literature [11,25], allylic C-H bond (77 kcal/mol) of 
propylene, which has lower dissociation energy than vinylic C-H bond (112 
kcal/mol) of ethylene, causes a facile total oxidation of propylene to H2O and 
CO2, leading to low selectivity for propylene oxide over Ag/α-Al2O3 catalyst. 
Therefore, development of an appropriate catalyst system is needed for the 
direct epoxidation of propylene.  
In an attempt to develop an efficient catalyst, direct epoxidation of 
propylene has been investigated over a number of catalysts based on silver 
metal supported on various materials such as alkali-earth metal oxide [19,26-
28], α-Al2O3 [29], and ZrO2 [18,30]. It has been reported that production of 
propylene oxide through propylene epoxidation is influenced by 
physicochemical properties of supporting materials such as crystalline phase 
or acid/base property [11,31]. ZrO2 is known to exhibit the characteristic 
physicochemical properties as a supporting material [32,33]. According to the 
literatures [34,35], the physicochemical properties of ZrO2 can be controlled 
by changing ZrO2 preparation method. Thus, it is expected that selectivity for 
propylene oxide in the direct epoxidation of propylene can be modulated by 
changing ZrO2 preparation method. Therefore, a systematic investigation on 
the effect of ZrO2 preparation method on the physicochemical properties and 
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catalytic activities of Ag-based catalysts supported on ZrO2 would be 
worthwhile. 
In this work, a series of ZrO2 (pH X) supports were prepared by a 
precipitation method with a variation of pH (X) of ZrO2 solution, and 
subsequently, Ag-(Mo-W)/ZrO2 (pH X) catalysts were prepared by a slurry 
method for use in the direct epoxidation of propylene to propylene oxide with 
molecular oxygen. The effect of pH condition for preparing ZrO2 on the 
physicochemical propertiy and catalytic activities of Ag-(Mo-W)/ZrO2 (pH X) 
catalysts was investigated. The prepared catalysts were characterized by N2 
















3.2.1. Preparation of catalysts 
 
A series of ZrO2 supports were prepared by a precipitation method with 
a variation of pH (3, 6, 10, 12, and 14) value of ZrO2 solution according to the 
procedures reported in the literature [36]. Fig. 3-1 shows the preparation 
procedures for ZrO2 (pH X) (X = 3, 6, 10, 12, and 14) supports. 9.25 g of 
zirconium oxynitrate hydrate (ZrO(NO3)2∙xH2O, Sigma-Aldrich) was 
dissolved in 200 ml of distilled water. After it was stirred for 15 min, 
ammonium hydroxide solution (NH4OH, Sigma–Aldrich) was added dropwise 
into the zirconium precursor solution at a constant rate (5 ml/min). The pH (3, 
6, 10, 12, and 14) of the solution was controlled by changing the amount of 
ammonium hydroxide solution. After the resulting solution was stirred 
vigorously at room temperature for 6 h, it was aged overnight at room 
temperature. The precipitate was filtered and washed with distilled water and 
ethanol successively. The precipitate was then separated by centrifuge, and it 
was dried overnight at 100 oC. The dried product was finally calcined at 600 
oC for 6 h to yield ZrO2 support. The prepared ZrO2 support was denoted as 
ZrO2 (pH X) (X = 3, 6, 10, 12, and 14), where X represented the pH value of 
ZrO2 solution for precipitation.                                                                                       
For the preparation of Ag-(Mo-W)/ZrO2 (pH X) catalysts, silver and 
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promotors (Mo and W) were introduced onto ZrO2 (pH X) support by a slurry 
method [37]. Fig. 3.1 shows the preparation procedures Ag-(Mo-W)/ZrO2 (pH 
X) (X = 3, 6, 10, 12, and 14) catalysts. In short, 0.5 ml of ethylene diamine 
(C2H8N2, Sigma-Aldrich) and 0.55 g of oxalic acid (C2H2O4, Junsei) were 
simultaneously dissolved in distilled water (6 ml). 0.34 g of silver oxide 
(Ag2O, Sigma-Aldrich) was then dissolved in the solution. Ag content in the 
catalysts was fixed at 20 wt%. After stirring the mixture for 1 h, 0.02 g of 
ammonium (para) tungstate hydrate ((NH4)10H2(W2O7)6·xH2O, Sigma-
Aldrich) and 0.058 g of ammonium molybdate ((NH4)6Mo7O24·4H2O, Sigma-
Aldrich) were additionally dissolved in the solution. Mo content and W 
content in the catalysts were fixed at 3.75 wt% and 1.25 wt%, respectively. 
After stirring the resulting solution, 1.2 g of ZrO2 (pH X) was slowly added 
into the solution to form a slurry. After the mixed slurry was stirred vigorously 
at 70 oC for 4 h, it was evaporated to obtain a solid. After grinding the dried 
solid, it was finally calcined at 460 oC for 3 h with an air stream to yield Ag-















Fig. 3-1. Preparation procedure for ZrO2 (pH X) (X = 3, 6, 10, 12, and 14) supports and Ag-(x)Mo-(5-x)W/ZrO2 (x = 5, 





Chemical compositions of Ag-(Mo-W)/ZrO2 (pH X) catalysts were 
determined by ICP-AES (Shimadz, ICP-1000IV) analyses. Textural properties 
of Ag-(Mo-W)/ZrO2 (pH X) catalysts were measured by N2 adsorption-
desorption measurements (BELSORP-mini II, BEL Japan). Before the 
analyses, all the catalysts were degassed using a rotary vacuum pump at 150 
oC for 3 h to remove impurities and moisture. Surface areas of the catalysts 
were determined by the BET (Brunaur-Emmett-Teller) method at relative 
pressure (P/P0) of 0.05-0.30. Pore volumes of the catalysts were determined 
by the BJH (Barrett-Joyner-Halenda) method applied to the desorption branch 
of the N2 isotherm. Crystalline phases of ZrO2 (pH X) supports and Ag-(Mo-
W)/ZrO2 (pH X) catalysts were investigated by XRD measurements (Rigaku, 
D-MAX2500-PC) using Cu-Ka radiation (λ = 1.54056 A˚) operated at 50 kV 
and 100 mA. Surface morphologies of the catalysts were examined by FE-
SEM (Scanning Electron Microscope) analyses (JSM-6700F, Jeol). To 
confirm the distribution of metal species of the catalysts, energy dispersive X-
ray spectroscopy (EDX) mapping analyses were conducted (JSM-6700F, Jeol). 
Acidity of the catalysts was measured by NH3-TPD (temperature-programmed 
desorption) experiments (BEL Japan, BELCAT-B). In order to remove any 
physisorbed organic molecules, 0.05 g of each catalyst was treated in the TPD 
apparatus at 200 oC for 2 h with a stream of helium (50 ml/min). After cooling 
the catalyst to 25 oC, NH3 (50 ml) gas was injected into the reactor in a stream 
of helium (30 ml/min) to saturate acid sites of the catalyst. Physisorbed 
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ammonia was removed at 100 oC for 1 h under a flow of helium (50 ml/min). 
After cooling the catalyst, NH3-TPD measurement was conducted within the 
temperature range of 50–500 oC under a helium flow (50 ml/min). Thermal 
conductivity detector (TCD) was used for the detection of desorbed NH3. 
Basicity of the catalysts was measured by CO2-TPD experiments. 
Experimental procedures for CO2-TPD were identical to those for NH3-TPD, 
except that CO2 instead of NH3 was used as a probe molecule. 
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3.2.3. Catalytic reaction tests 
 
Production of propylene oxide by direct epoxidation of propylene with 
molecular oxygen was conducted in a continuous flow fixed-bed quartz 
reactor under atmosphere pressure. Feed composition was fixed at 
propylene:oxygen:nitrogen = 1.5:1:9. Total feed rate with respect to catalyst 
weight was maintained at 7004 ml/h · g. Catalytic reaction was carried out at 
460 oC. Reaction products were periodically sampled and analyzed with gas 
chromatographs (Younglin, ACME 6100) equipped with a thermal 
conductivity detector (Molsieve 5A and Porapak N columns) and a flame 
ionization detector (DB-1 column). Conversion of propylene and selectivity 
for propylene oxide were calculated on the basis of carbon balance as follows. 
 
Conversion of propylene (%) =  
supplied propylene of mole
reacted propylene of mole
 × 100      
 
Selectivity for propylene oxide (%) = 
reacted propylene of mole
formed oxide propylene of mole







3.3. Results and discussion 
 
3.3.1. Textural property and morphology of Ag-(Mo-W)/ZrO2 (pH  
X) catalysts 
 
Textural properties of Ag-(Mo-W)/ZrO2 (pH X) (X = 3, 6, 10, 12, and 
14) catalysts are summarized in Table 3-1. BET surface area and pore volume 
of Ag-(Mo-W)/ZrO2 (pH X) catalysts showed no significant difference with 
respect to pH value. All the catalysts showed very low surface area (< 10 
m2/g) and small pore volume (< 0.02 cm3/g). This result indicates that all the 
Ag-(Mo-W)/ZrO2 (pH X) catalysts were successfully prepared as bulk-type 
catalysts. According to the literature [31], high surface area and well-
developed porous structure of the catalyst have a negative effect on the 
production of propylene oxide, because propylene oxide diffused into well-
developed porous structure of the catalyst is deeply oxidized to H2O and CO2, 
resulting in the decrease of selectivity for propylene oxide. Silver and 
promotor metal contents in the Ag-(Mo-W)/ZrO2 (pH X) catalysts determined 
by ICP-AES analyses were in good agreement with designed values. This 
means that all the Ag-(Mo-W)/ZrO2 (pH X) catalysts were successfully 
prepared as attempted in this work. 
Fig. 3-2 shows the FE-SEM images of Ag-(Mo-W)/ZrO2 (pH X) (X = 3, 
10, and 14) catalysts. The images of the catalysts clearly show that uniform 
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and bulk-type particles with a diameter of ca. 300 nm were successfully 
formed. In particular, all the catalysts showed the large pores due to its low 
porosity. As mentioned earlier, large pore with poor porous structure is 
beneficial to produce propylene oxide.  
In order to confirm the homogeneous distribution of constituent 
elements, SEM-EDX mapping analyses were carried out. Fig. 3-3 shows the 
SEM-EDX mapping images of Ag-(Mo-W)/ZrO2 (pH 10) catalyst. The 
elemental mapping images obtained for silver atom (blue dot), molybdenum 
atom (purple dot), tungsten atom (red dot), and zirconium atom (yellow dot) 
were matched with the SEM image (black and white). The EDX images of 
Ag-(Mo-W)/ZrO2 (pH 10) catalyst clearly showed that all the metal species 
were uniformly distributed in the Ag-(Mo-W)/ZrO2 (pH 10) catalyst. 
Crystalline structures of ZrO2 (pH X) supports and Ag-(Mo-W)/ZrO2 
(pH X) catalysts were confirmed by X-ray diffraction (XRD) measurements. 
Fig. 3-4 shows the XRD patterns of ZrO2 (pH X) (X = 3, 6, 10, 12, and 14) 
supports. It was observed that all the ZrO2 (pH X) supports exhibited the 
characteristic XRD peaks of monoclinic ZrO2 (2θ= 28o and 31o) and 
tetragonal ZrO2 (2θ= 30o) [38,39]. Interestingly, ZrO2 (pH X) supports 
exhibited a significant difference in crystal structure of ZrO2 with a variation 
of pH of ZrO2 solution. This result was well consistent with the result of 
previous work [34], indicating that a series of ZrO2 (pH X) supports with 
different crystal structure were successfully prepared in this work.  
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Fig. 3-5 shows the XRD patterns of Ag-(Mo-W)/ZrO2 (pH X) (X = 3, 6, 
10, 12, and 14) catalysts. All the catalysts exhibited several diffraction peaks 
(2θ= 38o, 44o, 64o, and 77o), which were attributed to the crystal faces of silver 
(111), (200), (220), and (311), respectively [40]. It is noted that the fraction of 
monoclinic phase in the Ag-(Mo-W)/ZrO2 (pH X) catalysts was still 
maintained even after the introduction of silver and promotor (Mo and W). 
The fraction of monoclinic phase of Ag-(Mo-W)/ZrO2 (pH X) (X = 3, 6, 
10, 12, and 14) catalysts calculated from XRD peaks (Fig. 3-4 and Fig. 3-5) is 
listed in Table 3-2. We used the ratio of XRD peak height ((111)M / (101)T + 
(111)M) in order to measure the fraction of monoclinic phase in the ZrO2 (pH 
X) supports [34]. The fraction of monoclinic phase in the catalysts decreased 
in the order of Ag-(Mo-W)/ZrO2 (pH 10) > Ag-(Mo-W)/ZrO2 (pH 12) > Ag-
(Mo-W)/ZrO2 (pH 6) > Ag-(Mo-W)/ZrO2 (pH 3) > Ag-(Mo-W)/ZrO2 (pH 14). 
This is because ZrO2 phase (monoclinic or tetragonal) was modulated by 
controlling the pH value of ZrO2 solution during the precipitation process 
[34,35]. It is known that monoclinic ZrO2 phase serves as an efficient and 
active phase in the direct epoxidation of propylene compared to tetragonal 
ZrO2 phase [31]. This implies that an appropriate pH condition of ZrO2 
solution is required to improve the catalytic performance. 
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3.3.2. NH3-TPD and CO2-TPD analyses of Ag-(Mo-W)/ZrO2 (pH  
X) catalysts 
 
In order to investigate the acid property of Ag-(Mo-W)/ZrO2 (pH X) 
catalysts, NH3-TPD experiment was carried out. Fig 3-6 shows the NH3-TPD 
profiles of Ag-(Mo-W)/ZrO2 (pH X) (X = 3, 6, 10, 12, and 14) catalysts. All 
the catalysts showed a broad NH3-TPD peak at 150-300 oC. Acidity of the 
catalysts measured from NH3-TPD peak area is summarized in Table 3-3. 
Acidity of Ag-(Mo-W)/ZrO2 (pH X) catalysts was in the range of 0.16–0.61 
mmol-NH3/g. Acidity of Ag-(Mo-W)/ZrO2 (pH X) catalysts decreased with 
increasing pH value of ZrO2 solution. 
CO2-TPD experiment was conducted to determine the basicity of Ag-
(Mo-W)/ZrO2 (pH X) (X = 3, 6, 10, 12, and 14) catalysts as presented in Fig. 
3-7. Basicity of the catalysts calculated from CO2-TPD peak area is also listed 
in Table 3-3. Basicity of Ag-(Mo-W)/ZrO2 (pH X) catalysts was in the range 
of 0.20–0.60 mmol-CO2/g. Basicity of Ag-(Mo-W)/ZrO2 (pH X) catalysts also 
decreased with increasing pH value of ZrO2 solution. 
Many researchers agree that the direct epoxidation of propylene to 
propylene oxide follows the DAM (dipped adcluster model) theory. According 
to this theory [12,41], there are two reaction pathways for oxidation of 
propylene; partial oxidation to form propylene oxide and complete oxidation 
to form H2O and CO2. It is known that acid site, which changes electronic 
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property of adsorbed oxygen less nucleophilic by accepting electrons from 
adsorbed oxygen, helps partial oxidation between oxygen adsorbed on silver 
and C=C π bond in propylene. On the other hand, basic site, which causes 
acid-base reaction between oxygen adsorbed on silver and basic site, leads to 
complete oxidation. That is, acid property plays a positive role in the 
production of propylene oxide, whereas base property gives a negative effect. 
To elucidate the effect of acidity and basicity on the catalytic performance of 
Ag-(Mo-W)/ZrO2 (pH X) catalysts, we calculated the ratio of acidity with 
respect to basicity. The calculated ratio of acidity/basicity is listed in Table 3. 
The ratio of acidity/basicity decreased in the order of Ag-(Mo-W)/ZrO2 (pH 
10) > Ag-(Mo-W)/ZrO2 (pH 12) > Ag-(Mo-W)/ZrO2 (pH 6) > Ag-(Mo-
W)/ZrO2 (pH 3) > Ag-(Mo-W)/ ZrO2 (pH 14), in good agreement with the 
trend of fraction of monoclinic phase of ZrO2 (Table 2). Therefore, it can be 
inferred that the catalyst with high ratio of acidity/basicity would be favorable 






3.3.3. Catalytic performance in the direct epoxidation of propylene  
to propylene oxide 
 
Fig. 3-8 shows the propylene conversion and propylene oxide 
selectivity with time on stream in the direct epoxidation of propylene over Ag-
(Mo-W)/ZrO2 (pH X) (X = 3, 6, 10, 12, and 14) catalysts at 460 oC. Ag-(Mo-
W)/ZrO2 (pH X) catalysts showed a stable catalytic performance without any 
significant catalyst deactivation during the reaction. It was observed that 
propylene conversion of Ag-(Mo-W)/ZrO2 (pH X) catalysts showed small 
variation (< 6 %) with respect to pH value of ZrO2 solution. However, 
selectivity for propylene oxide of the catalysts strongly depended on pH value 
(X = 3, 6, 10, 12, and 14) of ZrO2 solution. Selectivity for propylene oxide 
decreased in the order of Ag-(Mo-W)/ZrO2 (pH 10) > Ag-(Mo-W)/ZrO2 (pH 
12) > Ag-(Mo-W)/ZrO2 (pH 6) > Ag-(Mo-W)/ZrO2 (pH 3) > Ag-(Mo-
W)/ZrO2 (pH 14). This trend was in good agreement with the trend of fraction 
of monoclinic phase (Table 3-2) and ratio of acidity/basicity (Table 3-3). 
Among the catalysts tested, Ag-(Mo-W)/ZrO2 (pH 10) catalyst showed the 
highest catalytic performance in terms of selectivity for propylene oxide. 
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3.3.4. Correlations between catalytic performance and catalytic 
property 
 
Fig. 3-9 shows the correlations between selectivity for propylene oxide 
and fraction of monoclinic phase, and between selectivity for propylene oxide 
and ratio of acidity/basicity of the catalysts. Selectivity for propylene oxide 
was well correlated with the fraction of monoclinic phase and the ratio of 
acidity/basicity. Selectivity for propylene oxide increased with increasing the 
fraction of monoclinic phase. As mentioned earlier, monoclinic ZrO2 phase 
has been recognized as the most active phase for the direct epoxidation of 
propylene among the ZrO2 phases. This correlation clearly demonstrates that 
high fraction of monoclinic phase of the catalyst was favorable for the 
production of propylene oxide from propylene and molecular oxygen. In 
addition, selectivity for propylene oxide increased with increasing the ratio of 
acidity/basicity of the catalysts. It is clear that high ratio of acidity/basicity of 
Ag-(Mo-W)/ZrO2 (pH X) catalysts was also favorable for selective production 
of propylene oxide. Among the catalysts tested, Ag-(Mo-W)/ZrO2 (pH 10) 
catalyst, which retained the highest fraction of monoclinic phase and the 
highest ratio of acidity/basicity, showed the best catalytic performance in the 
direct epoxidation of propylene to propylene oxide. Therefore, it is concluded 
that ZrO2 crystalline phase and acid/base property of the catalysts played key 
roles in determining the catalytic performance of Ag-(Mo-W)/ZrO2 (pH X) 








































19.6 3.69 1.24 12.9 0.03 
a Determined by ICP-AES measurement 
b Calculated by the BET (Brunauer–Emmett–Teller) equation 
c Total pore volume at P/P0 = 0.99 
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Table 3-2. Fraction of monoclinic phase of Ag-(Mo-W)/ZrO2 (pH X) (X = 3, 
6, 10, 12, and 14) catalysts  
 
Catalyst Fraction of monoclinic phasea 
Ag-(Mo-W)/ZrO2 (pH 3) 0.38 
Ag-(Mo-W)/ZrO2 (pH 6) 0.59 
Ag-(Mo-W)/ZrO2 (pH 10) 0.91 
Ag-(Mo-W)/ZrO2 (pH 12) 0.79 
Ag-(Mo-W)/ZrO2 (pH 14) 0.19 
a The ratio of XRD peak height ((111)M / (101)T + (111)M) was used to 
estimate the fraction of monoclinic phase of zirconia (M: monoclinic phase / 














Table 3-3. Acidity, basicity, and ratio of acidity/basicity of Ag-(Mo-W)/ZrO2 
(pH X) (X = 3, 6, 10, 12, and 14) catalysts 
a Determined by NH3-TPD measurement 
















city ratio  
Ag-(Mo-W)/ZrO2  
(pH 3) 
0.61 0.60 1.02 
Ag-(Mo-W)/ZrO2  
(pH 6) 
0.58 0.44 1.32 
Ag-(Mo-W)/ZrO2  
(pH 10) 
0.55 0.24 2.29 
Ag-(Mo-W)/ZrO2  
(pH 12) 
0.35 0.21 1.67 
Ag-(Mo-W)/ZrO2  
(pH 14) 





































































Fig. 3-8. Propylene conversion and propylene oxide selectivity with time on stream in the direct epoxidation of propylene  




Fig. 3-9. Correlations between selectivity for propylene oxide and fraction of  
monoclinic phase, and between selectivity for propylene oxide and ratio of 










Chapter 4. Propylene epoxidation by oxygen  




Propylene oxide is crucial raw chemical for manufacturing various 
petrochemical products such as propylene glycol, polyurethane, polyether 
polyol, and polyester resin. Traditionally, propylene oxide is produced though 
indirect processes such as chlorohydrin process and Halcon process [1-3]. 
However, such processes have drawbacks in producing by-products such as 
styrene, tert-butyl alcohol, and chlorinated materials. In order to overcome 
these drawbacks, HPPO (hydrogen peroxide-propylene oxide) process has 
been developed to produce propylene oxide, but this process has a problem of 
supplying expensive hydrogen peroxide [6,42]. Therefore, propylene 
epoxidation by oxygen has received much attention as an attractive process 
for producing propylene oxide. 
For propylene epoxidation by oxygen, Ag/α-Al2O3 catalyst, which is 
active for ethylene epoxidation has been attempted [9,24,43]. However, Ag/α-
Al2O3 catalyst shows a very low selectivity for propylene oxide due to the 
difference in dissociation energy of C-H bond in propylene and ethylene. 
According to the literature [11,25], allylic C-H bond (77 kcal/mol) of 
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propylene, which has lower dissociation energy than vinylic C-H bond (112 
kcal/mol) of ethylene, gives rise to the facile total oxidation of propylene to 
H2O and CO2, leading to low selectivity for propylene oxide over Ag/α-Al2O3 
catalyst. Therefore, development of an appropriate catalyst system is needed 
for high propylene oxide production.  
In an attempt to develop an efficient catalyst, selective epoxidation of 
propylene has been investigated over Ag-based catalyst system 
[18,19,27,28,44-46]. However, it is known that commercial Ag-based 
catalysts suffer from deactivation in the oxidation reaction, because silver 
particles are sintered during the oxidation reaction [47,48]. For these reasons, 
many researches have been focused on the metal oxide catalyst system in the 
propylene epoxidation by oxygen. Miller et al. reported that the propylene 
conversion of 1.0 % and selectivity for propylene oxide of 55-60 % were 
obtained over the SnO2-CuO-NaCl/SiO2 catalyst system [49]. Garcia-Aguilar 
et al. also prepared K-(Fe-Si)O2 catalyst, over which 1.4 % propylene 
conversion and 65.5 % selectivity for propylene oxide were achieved in the 
gas-phase epoxidation of propylene [50]. WOx/ZrO2 catalyst has attracted 
attention due to their excellent thermal stability and significant redox property 
[51-53]. For example, WOx/ZrO2 showed high activity in the DBT 
(dibenzothiophene) oxidation due to the oxygen on the tungsten oxide surface 
[53]. However, any researches on the propylene epoxidation by oxygen over 
WOx/ZrO2 catalyst have not been reported yet. Also, it is well known that 
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CeO2 has been widely employed as efficient catalysts for various catalytic 
reactions due to its oxygen storage/release ability [25,26]. Therefore, a 
systematic investigation of tungsten oxide catalyst supported on zirconia 
support containing ceria with excellent oxidation ability for the propylene 
epoxidation would be meaningful. 
In this work, ZrO2, Ce0.05Zr0.95O2, and CeO2 supports were prepared by 
a precipitation method, and subsequently, WOx/Z, WOx/CZ, and WOx/C 
catalysts were prepared by a wetness impregnation method. WOx/Z, WOx/CZ, 
and WOx/C catalysts were characterized by XRF, nitrogen adsorption–
desorption, FE-SEM, SEM-EDX, XRD, H2-TPR, NH3-TPD, and CO2-TPD 
analyses. Propylene epoxidation by oxygen was carried out over WOx/Z, 
WOx/CZ, and WOx/C catalysts in a continuous flow reactor, and their catalytic 















4.2.1. Preparation of catalysts 
 
The CeZrO2 support was prepared by using a co-precipitation method 
(Fig. 4-1). Known amounts of cerium precursor (Ce(NO3)3·6H2O, 5 mol%) 
and zirconium precursor (ZrO(NO3)2·xH2O, 95 mol%) were dissolved in 
distilled water. After dissolving all the precursors, ammonium hydroxide 
solution (NH4OH, Sigma–Aldrich) was added dropwise into the cerium-
zirconium precursor solution till the pH value of solution reached ca. 8. The 
solution was vigorously stirred at 25 oC for 6 h. This precipitate was washed 
with ethanol and distilled water to remove the residual organic materials. 
Then support powder was dried at 110 oC for 24 h and calcined at 500 oC for 3 
h in an air stream to yield CeZrO2 support. The prepared CeZrO2 support was 
denoted as CZ. For comparison, ZrO2 and CeO2 supports were also prepared 
by using the same method described above and denoted as Z and C, 
respectively.  
The WOx/CeZrO2 catalysts were prepared by using an impregnation 
method (Fig. 4-1). An appropriate amount of ammonium (para) tungstate 
hydrate ((NH4)10H2(W2O7)6·xH2O, Sigma-Aldrich) was solved in distilled 
water (20 ml). The prepared CeZrO2 support was then introduced into the 
solution under vigorous stirring, and the mixture was stirred at 60 °C for 6 h. 
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The resulting solid was dried at 110 oC for 24 h. The dried product was 
calcined for 3 h to yield WOx/CeZrO2 catalyst. The prepared WOx/CeZrO2 
catalyst was denoted as WOx/CZ. For comparison, WOx/ZrO2 and WOx/CeO2 
catalysts were also prepared by using the same method described above and 















































WOx contents and Zr/Ce ratios of each catalyst were determined by X-
ray fluorescence (XRF) analysis. Surface areas and average pore diameter of 
WOx/Z, WOx/CZ, and WOx/C catalysts were obtained by nitrogen adsorption-
desorption measurements (BELSORP mini II). Before the analyses, all the 
catalysts were degassed using a rotary vacuum pump at 150 oC for 3 h to 
remove impurities and moisture. Surface morphologies of the catalyst were 
examined by FE-SEM (Scanning Electron Microscope) analyses (JSM-6700F, 
Jeol). To confirm the detailed distribution of metal species of the catalysts, 
energy dispersive X-ray spectroscopy (EDX) mapping analyses were 
conducted (JSM-6700F, Jeol). X-ray diffraction patterns of supports (Z, CZ, 
and C) and catalysts (WOx/Z, WOx/CZ, and WOx/C) were taken with an X-ray 
diffractometer (Rigaku, D-MAX2500-PC) operated at 50 kV and 100 mA 
using Cu-Ka radiation (λ = 0.154056 nm). The acidity of the catalysts was 
measured by NH3-TPD (Temperature Programmed Desorption) experiments 
(BEL Japan, BELCAT-B). In order to remove any physisorbed organic 
molecules, 0.05 g of each catalyst was treated in TPD apparatus at 200 oC for 
2 h with a stream of helium (50 ml/min). After cooling the catalyst to 25 oC, 
NH3 (50 ml) gas was then introduced into the reactor at room temperature in a 
stream of helium (30 ml/min) to saturate acid sites of the catalyst. Physisorbed 
ammonia was removed at 100 oC for 1 h under a flow of helium (50 ml/min). 
After cooling the catalyst, NH3-TPD measurement was conducted within the 
temperature range of 50–600 oC under helium flow (50 ml/min). Thermal 
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conductivity detector (TCD) was used to detect desorbed NH3. Basicity of the 
catalysts was measured by CO2-TPD experiments. Experimental procedures 
for CO2-TPD were identical to those for NH3-TPD, except that CO2 instead of 
NH3 was employed as a probe molecule. Reduction behavior of supports (Z, 
CZ, and C) and catalysts (WOx/Z, WOx/CZ, and WOx/C) were investigated by 
H2-TPR (temperature programmed reduction) experiments using a 
conventional flow system equipped with a TCD (thermal conductivity 
detector) at temperatures ranging from 50 to 900 oC with a ramping rate of 10 
oC/min under a mixed stream of H2 (2 ml/min) and N2 (20 ml/min). 50 mg of 

















4.2.3. Catalytic reaction tests 
 
The catalytic activity of WOx/Z, WOx/CZ, and WOx/C catalysts in the 
propylene epoxidation by oxygen was evaluated in a continuous flow fixed-
bed reactor at 400 °C for 6 h under atmospheric pressure. Prior to the catalytic 
reaction, each catalyst (0.3 g) was pretreated at 400 °C for 1 h with a nitrogen 
stream (45 ml/min). Feed stream of propylene (10 ml/min) and oxygen (5 
ml/min) was continuously fed into the reactor together with nitrogen carrier 
(45 ml/min). Total feed rate with respect to catalyst weight was maintained at 
12000 ml/h · g. Reaction products were periodically sampled and analyzed 
with gas chromatographs (Younglin, ACME 6100) equipped with a thermal 
conductivity detector (Molsieve 5A and Porapak N columns) and a flame 
ionization detector (DB-1 column). Conversion of propylene and selectivity 
for propylene oxide were calculated on the basis of carbon balance as follows. 
Yield for propylene oxide was calculated by multiplying conversion of 
propylene and selectivity for propylene oxide. 
 
Conversion of propylene (%) =  
supplied propylene of mole
reacted propylene of mole
 × 100      
 
Selectivity for propylene oxide (%) = 
reacted propylene of mole
formed oxide propylene of mole





4.3.1. Catalytic performance of ceria & zirconia-supported  
tungsten oxides 
 
4.3.1.1. WOx/CexZr1-xO2 catalyst for the propylene epoxidation 
 
Fig. 4-2 shows the effect of the Zr/Ce composition on the catalytic 
activity of the WOx/CexZr1-xO2 (x =0.05, 0.1, 0.2, 0.3, 0.4, and 0.5) catalysts at 
400 oC. The tungsten loading was fixed at 7 wt% and the calcination 
temperature of the catalyst was 700 oC. It is clear that the propylene 
conversion and propylene oxide selectivity was markedly affected by the 
Zr/Ce mole ratio in the WOx/CexZr1-xO2 catalysts. WOx/ZrO2 catalyst without 
cerium showed high propylene oxide selectivity (61.2 %) but very low 
propylene conversion (0.19 %). As a result, a very low propylene oxide yield 
(0.1 %) is obtained in WOx/ZrO2. A introduction of small amount of cerium 
(WOx/Ce0.05Zr0.95O2) resulted in a significant increase of propylene oxide yield 
(from 0.1 % to 1.4 %). With an increase of cerium mole ratio from 0.05 to 0.5 
in the WOx/CexZr1-xO2 catalyst, propylene conversion increased from 4.5 % to 
24.7 %, while propylene oxide selectivity significantly decreased from 31.6 % 
to 2.7 %. When cerium mole ratio higher than 0.05, however, both propylene 
oxide selectivity and yield decreased. These results indicate that introduction 
of cerium is advantageous in terms of propylene conversion, and there is an 




4.3.1.2. Effect of (X wt%) WOx/Ce0.05Zr0.95O2 catalyst on the propylene 
epoxidation 
 
Fig. 4-3 shows the effect of tungsten oxide loading on the catalytic 
performance of the (X wt%) WOx/Ce0.05Zr0.95O2 (X= 1.8, 3.6, 4.8, 7.0, 10.0, 
and 13.6) catalysts at 400 oC. The calcination temperature of the catalysts was 
700 oC. At tungsten oxide loading less than 5 wt%, propylene conversion was 
very low. With an increase of tungsten oxide loading from 4.8 % to 7.0 %, the 
propylene conversion increased sharply from 0.87 % to 4.5 %, and then 
saturated. Meanwhile, the propylene oxide selectivity deceased slightly from 
45.7 % to 31.6 %, and then remained constant in the range of 31 and 33 %. 
Among the samples, 10 wt% WOx/Ce0.05Zr0.95O2 catalyst exhibited the 
maximum propylene oxide selectivity of 33.8 % with propylene conversion of 
5.2 %. This demonstrates the promotional effect of tungsten oxide on the 
production of propylene oxide over the WOx/Ce0.05Zr0.95O2 catalyst. 
 
4.3.1.3. Effect of calcination temperature on the propylene epoxidation 
over (10 wt%) WOx/Ce0.05Zr0.95O2 catalyst 
 
Fig. 4-4 shows the effect of calcination temperature on the catalytic 
performance of the (10 wt%) WOx/Ce0.05Zr0.95O2-X (X= 500, 600, 700, 800, 
and 900 oC) catalysts at 400 oC. It can be seen that propylene conversion and 
propylene oxide selectivity was greatly influenced by the calcination 
temperature of catalyst. The conversion of propylene decreased from 8.3 % to 
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0.19 % with increasing calcination temperature from 500 oC to 900 oC, 
whereas selectivity for propylene oxide increased from 20.4 % to 99.7 %, 
respectively. (10 wt%) WOx/Ce0.05Zr0.95O2-900 sample showed about 100% 
propylene oxide selectivity, while the propylene conversion was very low 
(0.19 %), leading to very low propylene oxide yield of 0.18 %. Therefore, a 




















4.3.2. Characterization of ceria & zirconia-supported tungsten  
oxides 
 
4.3.2.1. Textural properties and morphology of catalysts 
 
In the previous section, (10 wt%) WOx/Ce0.05Zr0.95O2-800 catalyst was 
selected as an optimum catalyst in the production of propylene oxide. Further 
characterization and reaction experiments were performed with (10 wt%) 
WOx/Ce0.05Zr0.95O2-800 catalyst to understand the role of WOx and ceria-
zirconia support. For comparison, analysis of WOx/ZrO2 and WOx/CeO2 
catalysts also were carried out in the same condition as that of WOx/CeZrO2 
catalyst.  
WOx contents and Zr/Ce ratios in the WOx/Z, WOx/CZ, and WOx/C 
catalysts determined by XRF analyses are listed in Table 4-1. Actual WOx 
loading and Zr/Ce atomic ratios determined by XRF were close to the 
designed values (10 wt% WOx and 19 Zr/Ce atomic ratio, respectively) for all 
catalysts prepared. All the prepared catalysts retained low BET surface area (< 
30 m2/g) and large average pore diameter (> 5 nm).   
In order to confirm the morphology and the distribution of elements, 
FE-SEM and SEM-EDX mapping analyses were carried out. Fig. 4-5 shows 
the FE-SEM and SEM-EDX mapping images of WOx/CZ catalyst. The FE-
SEM image (a) of the catalyst clearly shows that uniform and bulk-type 
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particles with a diameter of ca. 300 nm were successfully formed. The 
elemental mapping images obtained for oxygen atom (green dot (c)), 
zirconium atom (red dot (d)), cerium atom (yellow dot (e)), and tungsten atom 
(purple dot (f)) were matched with the SEM image (b). The EDX mapping 
images of WOx/CZ catalyst clearly showed that all elements were uniformly 
distributed in the catalyst. 
Crystalline structures of supports and catalysts were confirmed by X-
ray diffraction (XRD) measurements. Fig. 4-6(a) shows the XRD patterns of 
ZrO2, Ce0.05Zr0.95O2, and CeO2 supports. We found that the ZrO2 support 
exhibited the characteristic XRD peaks of monoclinic ZrO2 (2θ= 28o and 31o) 
and tetragonal ZrO2 (2θ= 30o) [38]. The CeO2 support also showed four 
distinct diffraction peaks corresponding to CeO2 cubic phase [54,55]. It is 
noticeable that the characteristic XRD peaks of Ce0.05Zr0.95O2 support slightly 
shifted to higher angles compared to the peaks for cubic phase of CeO2 
support. It has been reported that the shift of XRD peaks was attributed to the 
ionic radius difference between Ce4+ (ionic radius=0.098 nm) and Zr4+ (ionic 
radius=0.084 nm) in the Ce0.05Zr0.95O2 support [56]. Fig. 4-6(b) shows the 
XRD patterns of WOx/Z, WOx/CZ, and WOx/C catalysts. All the catalysts 
showed the XRD peaks of tungsten oxide (WOx) in the 2θ region of 23–25°. It 
was found that there is no significant difference in peak intensity of the 
catalysts. This indicate that highly crystalline tungsten oxide phase exists in 
all the catalysts. These results were well consistent with the result of previous 
work [57.58], indicating that WOx/Z, WOx/CZ, and WOx/C catalysts were 
successfully prepared in this work. 
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4.3.2.2. H2-TPR of catalysts 
 
H2-TPR experiment was carried out to elucidate the reduction behavior 
of supports (Z, CZ, and C) and catalysts (WOx/Z, WOx/CZ, and WOx/C). Fig. 
4-7(a) shows the TPR profiles of ZrO2, Ce0.05Zr0.95O2, and CeO2 supports. 
Pure ZrO2 support did not show any reduction peak within that temperature 
range, in good agreement the previous work [58-60]. On the other hand, pure 
CeO2 support exhibited two reduction peaks at 495 oC and 830 oC in the TPR 
profile; the former was attributed to the reduction of the surface CeO2, while 
the latter was attributed to that of the bulk CeO2 [59-61]. In case of 
Ce0.05Zr0.95O2 support, one peak at 640 oC was obseved from the reduction of 
(Ce-Zr)O2 solid solution [59,60]. Fig. 4-7(b) shows the TPR profiles of 
WOx/Z, WOx/CZ, and WOx/C catalysts. Since pure ZrO2 support does not 
show a reduction peak, the reduction peaks of WOx/Z catalyst are attributed to 
the reduction of WOx. It is well known that pure WOx shows three reduction 
peaks; a peak at around 500 oC is attributed to the reduction of WO3 to 
W20O58; a peak at around 800 oC is the reduction of W20O58 to WO2; a peak at 
higher temperature is the reduction of WO2 to W [62,63]. In our TPR data, 
WOx/Z catalyst showed three reduction peaks at 374 oC, 580 oC, 641 oC 
respectively. These three reduction peaks over zirconia-supported tunsten 
oxide catalyst were also reported by D.C. Calabro et al. [58]. WOx/CZ and 
WOx/C catalysts also exhibited three reduction peaks. In case of WOx/CZ 
catalyst, peak temperatures slightly shifted to higher temperature and amount 
of H2 consumption in the range of 600-650 oC increased compared to WOx/Z 
catalyst. In addition, considering TPR profiles of CZ support and WOx/CZ 
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catalyst, the peak at 395 oC is regarded as the reduction peak of tungsten 
oxide, and the peak at around 600 oC is expected to overlap with the reduction 
peak of tungsten oxide and CZ support. On the other hand, WOx/C catalyst 
showed a large temperature shift and the amount of H2 consumption at around 
450 oC and 800 oC increased. This result is also attributed to the overlapping 
with the reduction of tungsten oxide and CeO2 species. The amount of H2 
consumption was calculated from each peak area in the H2-TPR profiles as 
summarized in Table 4-2. Considering the fact that our reaction experiments 
were conducted at 400 oC, it is reasonable to consider the H2 consumption of 
the samples up to 400 oC, which is summarized in Table 4-2. The H2 
consumption up to 400 oC were decreased in the order of WOx/C (21.8 μmol 
H2/gcat) > WOx/CZ (4.3 μmol H2/gcat) > WOx/Z (1.4 μmol H2/gcat). The 
hydrogen consumption up to 400 oC was significantly different, which is 













4.3.3. Acidity & basicity of catalysts 
 
In order to elucidate the effect of acid & base property on the catalytic 
activity of catalysts, NH3-TPD and CO2-TPD experiments were carried out, 
respectively. Fig. 4-8 shows the NH3-TPD profiles of WOx/Z, WOx/CZ, and 
WOx/C catalysts. WOx/Z catalyst showed a broad ammonia desorption peak in 
the range of 50-600 oC, whereas WOx/C catalyst showed a small NH3-TPD 
profile. It is noteworthy that WOx/CZ catalyst showed an intermediate NH3-
TPD profile between WOx/Z and WOx/C. This is explained by the fact that 
the introduction of Ce, which has no acid site, reduces the ammonia 
adsorption capacity of ZrO2 [64]. Fig. 4-9 shows the CO2-TPD profiles of 
WOx/Z, WOx/CZ, and WOx/C catalysts. Contrary to acidity of the catalysts, 
WOx/C catalyst showed a large CO2 desorption peak, whereas WOx/Z catalyst 
showed a small desorption. WOx/CZ catalyst also showed an intermediate 
CO2-TPD profile between WOx/C and WOx/Z. It is known that pure CeO2 has 
larger carbon dioxide adsorption capacity than pure ZrO2 [65]. Acidity and 
basicity of the catalysts obtained from NH3-TPD peak area and CO2-TPD 
peak area are summarized in Table 4-3. WOx/Z catalyst showed the highest 
acidity (0.63 mmol NH3/gcat) and the lowest basicity (0.20 mmol CO2/gcat), 
although WOx/C catalyst exhibited the lowest acidity (0.09 mmol NH3/gcat) 
and the highest basicity (0.75 mmol CO2/gcat). In case of WOx/CZ catalyst, 





4.3.4. Catalytic activity in the propylene epoxidation by oxygen 
 
Fig. 4-10 shows the conversion of propylene and selectivity for 
propylene oxide with time on stream in the propylene epoxidation by oxygen 
over WOx/Z, WOx/CZ, and WOx/C catalysts at 400 oC. All the catalysts 
showed a stable catalytic performance without any significant catalyst 
deactivation during the reaction. It must be also pointed out that all the 
catalysts exhibited a stable catalytic performance without any significant 
deactivation during the 24 h reaction activity test (these are not shown here). 
This result show that the stability of the reaction activity is improved as 
compared with the previously reported catalysts [47,48]. Catalytic 
performance after 6 h-catalytic reaction over supported WOx/Z, WOx/CZ, and 
WOx/C catalysts is summarized in Table 4-4. For comparison, catalytic 
performance of supports (Z, CZ, and C) is also listed in Table 4-4. First, Z and 
CZ showed no catalytic activity. On the other hand, C support showed the 
conversion of propylene (27.5 %), but the selectivity for propylene oxide was 
0 %. WOx/Z catalyst showed the lowest conversion of propylene (0.57 %) and 
the highest selectivity for propylene oxide (99.4 %). In other words, 
selectivity for propylene oxide is superior on the pure ZrO2 support, although 
the propylene conversion rarely occurs. Contrary to WOx/Z catalyst, WOx/C 
catalyst showed the highest conversion of propylene (38.5 %) and the lowest 
selectivity for propylene oxide (11.7 %). This means that the reacted 
propylene was mostly converted to CO and CO2 on the pure CeO2 support. 
Meanwhile, WOx/CZ catalyst with ceria and zirconia showed the conversion 
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of propylene (3.8 %) and the selectivity for propylene oxide (46.8 %). The 
above results indicate that pure CeO2 is advantageous for the conversion of 



























On the basis of the combined results described above, it was found that 
the physicochemical properties of catalysts were varied depending on type of 
support. In our TPR data, we could not observe any H2 consumption at around 
400 oC in Z and CZ supports. This indicates that propylene does not react with 
oxygen present in Z and CZ supports at the reaction condition. Actually, Z and 
CZ supports showed no catalytic activity in our reaction experiments. 
Tungsten oxide containing WOx/Z and WOx/CZ catalysts, however, exhibited 
the TPR peak at around 400 oC and showed a catalytic activity. Therefore, it is 
speculated that the oxygen of tungsten oxide reacts with propylene in the 
WOx/Z and WOx/CZ catalysts. On the other hand, CeO2 support and WOx/C 
catalyst showed a different behavior. Firstly, CeO2 support showed a TPR 
peak in the range of 300-600 oC and exhibited about 20 % propylene 
conversion. In case of WOx/C catalyst, a TPR peak in the range of 350-550 oC 
was also observed. However, the reaction products of CeO2 support were 
primarily CO and CO2, while WOx/C catalyst showed about 11% propylene 
oxide selectivity. It means that CO and CO2 are produced by the reaction 
between propylene and lattice oxygen of CeO2 support, while propylene oxide 
is formed by the reaction between propylene and oxygen of tungsten oxide. 
For more detailed analysis, we have related propylene conversion and 
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hydrogen consumption up to 400 oC during H2-TPR. As a result, the trend of 
propylene conversion (WOx/Z (0.57 %) < WOx/CZ (3.8 %) < WOx/C 
(38.5 %)) was well matched with the trend of hydrogen consumption up to 
400 oC (WOx/Z (1.4 μmol H2/gcat) < WOx/CZ (4.3 μmol H2/gcat) < WOx/C 
(21.8 μmol H2/gcat)). However, it must be pointed out that the selectivity for 
propylene oxide does not match this tendency. Even considering the hydrogen 
consumption ((WOx/Z (1.4 μmol H2/gcat) < WOx/CZ (4.3 μmol H2/gcat) < 
WOx/C (9.2 μmol H2/gcat)) of tungsten oxide, which is related to the 
production of propylene oxide, it does not match the selectivity for propylene 
oxide. Therefore, we paid attention to the acid/base properties of the catalysts. 
We found that the acid/base properties were influenced by the type of 
support (ZrO2, CeZrO2, and CeO2). Generally, in a silver catalyst system, acid 
site of catalyst makes adsorbed oxygen on silver more electrophilic by acting 
as an electron acceptor [18]. As a result, the possibility to proceed the reaction 
between propylene C=C π bond and adsorbed oxygen is increased, leading to 
the formation of propylene oxide. Meanwhile, acid-base reaction between 
basic site of catalyst and propylene allylic hydrogen occurred, resulting in the 
formation of CO2 and H2O [18]. In our previous work [66], it was also 
reported that acid site was beneficial to produce propylene oxide, whereas 
basic site was good for producing CO2 and H2O in Ag-(Mo-W)/ZrO2 catalyst. 
Accordingly, in a silver catalyst system, electronic state of adsorbed oxygen 
on silver played a key role in determining the production of propylene oxide. 
The same argument might also be applied to tungsten oxide catalyst system. 
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Haber et al. reported that the electrophilic oxygen species in the metal oxide 
react with the π-bond of propylene, resulting in the formation of epoxy or 
peroxy complexes [67]. From the above experimental results, it can be 
inferred that oxygen of tungsten oxide, not oxygen of support, is involved in 
the formation of propylene oxide. Therefore, it may be speculated that acid 
site affects the electronic property of oxygen on tungsten oxide, which is 
involved in formation of propylene oxide, while basic site reacts with allylic 
hydrogen of propylene to form CO2 and H2O. Accordingly, we calculated the 
ratio of acidity/basicity from NH3-TPD and CO2-TPD peak area to investigate 
the effect of acidity and basicity on the propylene oxide production of WOx/Z, 
WOx/CZ, and WOx/C catalysts. The calculated ratio of acidity/basicity is 
summarized in Table 4-3. It was found that the ratio of acidity/basicity 
increased in the order of WOx/C (0.12) < WOx/CZ (0.51) < WOx/Z (3.15). 
Interestingly, the trend of ratio of acidity/basicity was well matched with the 
trend of selectivity for propylene oxide (WOx/C (11.7 %) < WOx/CZ (46.8 %) 
< WOx/Z (99.4 %)). This result indicates that acid site can promote the 
reaction of olefinic carbon (C=C) with oxygen on tungsten oxide, whereas 
basic site facilitates the acid-base reaction of allylic hydrogen with basic site. 
Therefore, it is concluded that the oxygen involved in formation of propylene 















WOx/Z 10.8 5.6 9.5 (10)c - 
WOx/CZ 12.3 8.3 9.9 (10)c 19.2 (19)d 
WOx/C 16.2 6.7 9.7 (10)c - 
a Calculated by the BET (Brunauer–Emmett–Teller) equation 
b BJH (Barret–Joyner–Hallender) desorption average pore diameter  
c Designed values of WOx contents in the WOx/Z, WOx/CZ, and WOx/C 
catalysts  






















Amount of H2 
consumption 





Amount of H2 
consumption 
(μmol H2/gcat) 
ZrO2 - - - WOx/Z 1.4 
374 2.6 
580, 641 35.2 
CeZrO2 - 640 13.7 WOx/CZ 4.3 
395 8.3 










Table 4-3. Acidity, basicity, and ratio of acidity/basicity of WOx/Z, WOx/CZ, 









WOx/Z 0.63 0.20 3.15 
WOx/CZ 0.21 0.41 0.51 
WOx/C 0.09 0.75 0.12 
a Determined by NH3-TPD measurement 



















PO CO2 CO By-productsa 
Z - - - - - - 
CZ - - - - - - 
C 27.5 - - 72.3 27.7 - 
WOx/Z 0.57 0.56 99.4 - - 0.6 
WOx/CZ 3.8 1.78 46.8 43.7 6.6 2.9 
WOx/C 38.5 4.5 11.7 61.6 25.4 1.3 




















































Fig. 4-3. Catalytic performance of the (X wt%) WOx/Ce0.05Zr0.95O2 (X= 1.8, 3.6, 4.8, 7.0, 10.0, and 13.6) catalysts in the 

























Fig. 4-4. Catalytic performance of the (10 wt%) WOx/ Ce0.05Zr0.95O2-X (X= 500, 600, 700, 800, and 900 oC) catalysts in the 









































Fig. 4-9. CO2-TPD profiles of WOx/Z, WOx/CZ, and WOx/C catalysts.
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Fig. 4-10. Propylene conversion and propylene oxide selectivity with time on stream in the propylene epoxidation by 
oxygen over WOx/Z, WOx/CZ, and WOx/C catalysts at 400 oC.
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Chapter 5. Conclusions 
 
A series of Ag-(x)Mo-(5-x)W/ZrO2 (x = 5, 3.75, 2.50, 1.25, and 0) 
catalysts with different molybdenum content (x, wt%) were prepared by a 
slurry method for use in the direct epoxidation of propylene with molecular 
oxygen. The effect of molybdenum content on the physicochemical properties 
and catalytic activities of the catalysts was investigated. Successful 
preparation of Ag-(x)Mo-(5-x)W/ZrO2 catalysts was well confirmed by ICP-
AES and XRD analyses. Uniform distributions of silver, molybdenum, 
tungsten, and zirconium species were confirmed by SEM-EDX analyses. It 
was also found that binding energy shift of Ag 3d5/2 of the catalysts was 
different depending on molybdenum content. In the direct epoxidation of 
propylene to propylene oxide, selectivity for propylene oxide showed a 
volcano-shaped trend with respect to molybdenum content. It was revealed 
that selectivity for propylene oxide increased with increasing binding energy 
shift of Ag 3d5/2 of the catalysts, indicating that electronic property of silver 
played an important role in determining the catalytic performance in the 
reaction. Among the catalysts, Ag-(3.75)Mo-(1.25)W/ZrO2 catalyst with the 
highest binding energy shift of Ag 3d5/2 served as the most efficient catalyst in 
the direct epoxidation of propylene to propylene oxide. 
A series of ZrO2 (pH X) (X = 3, 6, 10, 12, and 14) supports were 
prepared by a precipitation method with a variation of pH value (pH X) of 
ZrO2 solution. Ag-(Mo-W)/ZrO2 (pH X) catalysts were then prepared by a 
slurry method for use in the direct epoxidation of propylene to propylene 
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oxide with molecular oxygen. The effect of pH value of ZrO2 solution on the 
catalytic performance and physicochemical property of the catalysts was 
investigated. It was found that BET surface area and pore volume of Ag-(Mo-
W)/ZrO2 (pH X) catalysts showed no significant difference. In the SEM-EDX 
mapping analyses, it was revealed that all metal species were uniformly 
distributed in the Ag-(Mo-W)/ZrO2 (pH 10) catalyst. XRD, NH3-TPD, and 
CO2-TPD results showed that ZrO2 crystalline phase and acid/base property of 
the catalysts were different depending on pH value of ZrO2 solution. In the 
direct epoxidation of propylene to propylene oxide, selectivity for propylene 
oxide showed a volcano-shaped trend with respect to pH value of ZrO2 
solution. This trend was well consistent with the fraction of monoclinic phase 
and the ratio of acidity/basicity of the catalysts. Thus, ZrO2 crystalline phase 
and acid/base property played important roles in determining the catalytic 
performance in the production of propylene oxide through direct epoxidation 
of propylene with molecular oxygen. Among the catalysts, Ag-(Mo-W)/ZrO2 
(pH 10) catalyst with the highest fraction of monoclinic phase and the highest 
ratio of acidity/basicity served as the most efficient catalyst in the direct 
epoxidation of propylene to propylene oxide. 
WOx/Z, WOx/CZ, and WOx/C catalysts were prepared to apply for the 
propylene epoxidation by oxygen. It was found that WOx/Z catalyst exhibited 
the highest selectivity for propylene oxide. However, very low propylene 
conversion was observed over WOx/Z catalyst, leading to low yield for 
propylene oxide. On the other hand, WOx/C catalyst exhibited higher 
conversion of propylene than WOx/Z, while WOx/C showed low selectivity 
for propylene oxide. Among the catalysts, WOx/CZ catalyst with moderate 
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reduction ability and ratio of acidity/basicity exhibited the desirable 
conversion of propylene and selectivity for propylene oxide. In addition, it 
was found that conversion of propylene is related to the reduction ability, 
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초    록 
 
산화프로필렌의 석유화학산업에서 매우 큰 비중을 차지하고 
있으며, 생산되는 프로필렌의 약 10 %가 산화프로필렌의 제조에 
이용되고 있다. 산화프로필렌은 폴리우레탄의 원료가 되는 
Polyether Polyol 및 Propylene Glycol 등의 제조에 원료로 
쓰이고 있으며, 특히 Polyol에 사용되는 수요가 전체의 65%로 
가장 많은 양을 차지한다. Polyether Polyol 및 Propylene 
Glycol은 Polyurethane의 제조에 이용되고 있으며, 그 수요가 
증가하고 있어 산화프로필렌의 수요 또한 증가하고 있다. 현재 
상업적으로 산화프로필렌은 대부분 간접 산화 공법 (chlorohydrin 
process and Halcon process) 을 통하여 제조되고 있다. 그러나 
이러한 간접 산화 공법들은 환경 및 경제적 문제들을 수반한다. 
Chlorohydrin 공법은 염소를 사용하여 하이포아염소산을 만들고 
이를 프로필렌과 반응시켜 Chlorohydrin 형태 화합물을 중간체로 
하여 높은 수율의 산화프로필렌을 합성하는데, 부산물로 염화칼슘이 
발생하며 용매로 많은 양의 용수가 쓰이는 단점이 있다. Halcon 
공법은 원료의 종류에 따라 크게 2가지로 나뉘는데, 에틸벤젠을 
반응물로 사용하여 부산물로 스티렌이 발생하는 PO-SM 공법과 
이소부탄을 반응물로 사용하고 부산물로 tert-Butyl Alcohol이 
발생하는 PO-TBA 공법으로 나눌 수 있다. 하지만, 본 공법들 
역시 부산물로 발생하는 스티렌/알코올과 산화프로필렌의 분리∙정제 
공정이 요구되며 해당 부산물의 재활용 혹은 판매선의 확보가 
필요하다는 단점이 있다. 한편, 이러한 공법들의 문제점들을 




HPPO 공법이 개발되었다. HPPO 공법은 부산물로 물만 발생하여 
친환경적 공법이지만, 반응물로 이용되는 과산화수소의 높은 비용 
문제로 인하여 많은 양의 산화프로필렌을 생산하는데 한계가 있다. 
따라서, 추가의 반응물을 이용하지 않고 프로필렌과 산소의 
산화반응을 통해 산화프로필렌을 직접 제조하는 공정이 주목받고 
있다. 먼저 프로필렌의 산화반응에서는 2 가지 경쟁반응이 
존재하는데, 먼저 물과 이산화탄소가 생성되는 완전 산화 반응 
(C3H6 + 9/2O2 → 3CO2 + 3H2O, ΔG = −1957.43 kJ/mol)과 
산화프로필렌이 생성되는 부분 산화 반응 (C3H6 + 1/2O2 → 
3C3H6O, ΔG = −88.49 kJ/mol)이 일어난다. 위 반응식에서 
보여지는 것처럼 완전 산화반응은 부분 산화반응보다 열역학적인 
측면에서 훨씬 안정적이기 때문에, 촉매의 개입이 없이는 
프로필렌과 산소가 반응할 시 대부분 완전산화반응이 일어나게 
되어 산화프로필렌의 생산이 어렵다는 것을 알 수 있다.  
프로필렌의 직접 산화반응에서 산화프로필렌의 생성이 
어렵다는 것은 산화 메커니즘에서도 알 수 있다. 본 반응에서 
산화프로필렌이 생성되기 위해서는 금속에 흡착된 산소가 이중 
결합에 위치한 탄소와 반응하여 부분 산화반응이 일어나야 한다. 
하지만, 프로필렌의 메틸기에 존재하는 allylic 수소의 반응성이 
매우 크기 때문에, 금속에 흡착된 산소와 allylic 수소와의 반응을 
통한 CO2와 H2O가 생성되는 완전 산화반응이 주로 일어나게 된다. 
따라서 본 연구에서는 금속에 흡착된 산소가 프로필렌의 메틸기에 
존재하는 allylic 수소와 반응하지 않고, 이중결합에 위치한 탄소와 
선택적으로 반응시키는 것이 핵심이며, 이를 위하여 흡착된 산소의 




학위논문에서는 흡착된 산소의 전자적 성질을 변화시키기 위하여 
Ag/ZrO2 촉매에 몰리브덴과 텅스텐의 증진제를 도입하여 
산화프로필렌 생산 효율을 최대화하였다. 
다양한 몰리브덴 함량 (x = 5, 3.75, 2.50, 1.25, and 0 
wt%)에 따라 일련의 Ag-(x)Mo-(5-x)W/ZrO2 촉매들을 슬러리 
방법에 의해 제조하였다. Ag-(x)Mo-(5-x)W/ZrO2 촉매를 통한 
프로필렌의 직접 산화반응에서 몰리브덴의 함량이 반응활성에 
미치는 영향이 조사되었다. 그 결과, 몰리브덴의 함량에 따라 Ag의 
바인딩 에너지 (Ag 3d5/2) 차이가 변화함을 확인하였다. 또한, 
산화프로필렌의 선택도는 몰리브덴의 함량에 따라 화산형 경향을 
나타내었다. 실험결과, 산화프로필렌의 선택도는 Ag의 바인딩 
에너지 (Ag 3d5/2) 차이가 증가함에 따라 증가하는 것을 확인할 수 
있었다. 따라서, 산화프로필렌의 선택도를 향상시키기 위해서는 
은의 전자 상태가 중요한 요인임을 알 수 있으며, 또한 
몰리브덴(Mo)과 텅스텐(W) 증진제가 이러한 역할을 수행함을 
확인할 수 있다. 
프로필렌의 직접 산화반응에서 보다 더 높은 효율의 촉매를 
개발하기 위하여, 알칼리 토금속, α-Al2O3, SiO2와 같은 다양한 
담체들에 은이 담지된 촉매가 연구되고 있다. 한편, 프로필렌의 
직접 산화반응에서 담체 물질의 결정구조와 산/염기 특성이 
산화프로필렌의 생산에 영향을 미치게 되며, ZrO2를 제조 시 합성 
조건의 변화에 따라 ZrO2의 물리화학적 특성이 변화한다는 연구 
결과들이 존재한다. 따라서, 본 학위 논문에서는 ZrO2의 물리화학적 
특성이 프로필렌의 직접 산화반응에 어떠한 영향을 미치는지 




변화시켜 보았다.  
다양한 pH 조건 (X = 3, 6, 10, 12, and 14)에 따라 일련의 
ZrO2 (pH X) 담체들을 침전법에 의해 제조하였다. 그 이후, 일련의 
Ag-(Mo-W)/ZrO2 (pH X) (X = 3, 6, 10, 12, and 14) 촉매들을 
슬러리 방법을 통해 제조하였고, 이를 프로필렌의 직접 산화반응에 
적용시켜, ZrO2 담체 제조 시 pH 조건이 반응활성에 미치는 영향이 
조사되었다. 실험결과, Ag-(Mo-W)/ZrO2 (pH X) 촉매의 
물리화학적 특성은 ZrO2 담체 제조 pH에 의해 강하게 영향을 
받았다. ZrO2 담체 제조 pH에 따라 monoclinic 상의 비율과 
산점/염기점 비율이 화산형 경향을 나타내는 것을 확인하였다. 또한, 
프로필렌의 직접 산화반응에서, Ag-(Mo-W)/ZrO2 (pH X) 촉매의 
monoclinic 상의 비율과 산점/염기점 비율은 산화프로필렌의 
선택도와 밀접하게 관련이 있었다. 산화프로필렌의 선택도는 
monoclinic 상의 비율과 산점/염기점 비율이 증가함에 따라 
증가하였다. 따라서, 산화프로필렌의 선택도를 향상시키기 위해서는 
촉매의 결정 구조와 산점/염기점 특성이 중요한 역할임을 알 수 
있다. 
프로필렌의 직접 산화반응을 위한 촉매연구들은 Ag 기반의 
촉매들이 대부분 연구되어 왔다. 하지만, 상용 Ag 기반의 촉매들은 
산화반응 상에서 Ag 입자들의 소결현상으로 인해 반응안정성이 
떨어지게 된다. 또한, 높은 산화프로필렌 활성을 위해 많은 Ag 
함량이 요구되어 역시 반응안정성의 감소를 야기한다. 이러한 
이유로 최근 Ag을 대체할 수 있는 금속 산화물 촉매들이 연구되고 
있다. 따라서, 본 학위 논문에서는 텅스텐 산화물을 다양한 담체 




미치는 영향을 알아보았다. 
Ce0.05Zr0.95O2 (CZ) 담체는 침전법을 통해 제조하였다. 비교를 
위해, ZrO2 (Z)와 CeO2 (C) 담체들 또한 동일한 조건으로 
제조하였다. 그 이후, WOx/Z, WOx/CZ, WOx/C 촉매들을 
습윤함침법을 통해 제조하였고, 이들을 프로필렌 직접 산화반응에 
적용시켜 보았다. 실험결과, WOx/Z 촉매에서 가장 높은 
산화프로필렌 선택도를 보였지만, 매우 낮은 프로필렌 전환율로 
인하여 매우 낮은 산화프로필렌 수율을 나타내었다. 이와 
대조적으로, WOx/C 촉매는 높은 프로필렌 전환율을 보였지만, 낮은 
산화프로필렌 선택도를 나타내었다. 제조된 촉매들 중 적절한 환원 
능력과 산점/염기점 비율을 보인 WOx/CZ 촉매에서 이상적인 
프로필렌 전환율과 산화프로필렌 선택도를 나타내었다. 따라서, 
프로필렌의 직접 산화반응에서 촉매의 환원 능력과 산점/염기점 
비율이 반응활성에 중요한 요인임을 알 수 있다. 
 
주요어: 프로필렌 직접 산화반응, 산화프로필렌, 은 촉매, 텅스텐 
산화물 촉매 
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